Abstract: A novel localized surface plasmon resonance (LSPR) fiber sensor was proposed. This LSPR fiber sensor was primarily constructed by conducting etching of the cladding layer and core layer on a single-mode fiber, followed by plating of 1444 nanometal rings. Sensor design and relevant calculations were conducted using a semi-analytical simulation method, which integrated the exact mode solver for the cylindrical coordinate and eigenmode expansion method. It was examined that the current metallic patterns in the fiber sensor can trigger the LSPR by the electric field E r of the core mode HE 11 , and this is the main reason why this novel fiber sensor can obtain high performance. After performing algorithms, images showed evident excitation of the LSPR. The LSPR fiber sensor designed in this paper possesses excellent attributes of short length (185.173 m), high resolution (approximately À70 dB), and high sensitivity (approximately 34 257 nm/RIU).
Introduction
In recent decades, several surface plasmon resonance (SPR) sensors adopting a fiber optic structure have been developed to reduce sensor size. These sensors provide highly sensitive and label-free biosensing for probing the affinity between biological molecules, and have been widely used in biology, biochemistry, and genetic engineering [1] - [16] . Recently, the excitation of surface plasmons in metal nanoparticles and their use in sensing applications has generated a lot of interest [17] - [31] . These are called localized surface plasmon resonance (LSPR) sensors. LSPR is another resonance phenomenon involving free electron waves in a metal, occurring in metallic nanostructures such as nanoparticles and nanometer-scale rough surfaces. In addition, at the THZ or GHZ frequency the refractive index of the metal is no longer related to the frequency and is considered a constant (the metal is considered a perfect electric conductor). It is called spoof-SPR and the electromagnetic waves, excluding radiation or diffraction, can only occur on metal surfaces in certain forms [32] - [38] . This study proposed a novel LSPR fiber sensor based on nano-metal rings. The side and crosssectional structure diagrams of this sensor are shown in Figs 
The total length of x axis (and that of y axis) used to simulated is 12.5 m. The material used for the metallic layer in this study was gold. The complex refractive index of gold was obtained from the Handbook of Optical Constants of Solids (Academic Press, 1985) [39] , and its precise wavelength-dependent fit to the data within was determined using a cubic spline algorithm, as shown in Fig. 1 of Reference 1.
LSPR fiber sensor is a very sensitive component for self-structure parameters, operating wavelength, and the variation of the refractive index of the analyte. Therefore, in the scope of LSPR fiber sensor, it is well-known that we have to understand beforehand the responses of LSPR fiber sensor for the above parameters before starting to construct LSPR fiber sensor actually. This study employed a semi-analytical technique that combines the exact mode solver for the cylindrical coordinate and eigenmode expansion method (EEM) in the LSPR fiber sensor design and simulation, and shows that by using this semi-analytical technique, the design and analysis of LSPR fiber sensor can be effortlessly accomplished by novice learners and application-level designers. In addition, the extensive use of graphics may help novice learners and application-level designers visually understand the transmission of optical signals in LSPR fiber sensor. Furthermore, the method introduced in the present study may be widely applied to component designs that have a periodic and cylindrical structure. It is also well-known that using the current technology for semiconductor fabrication, this novel LSPR fiber sensor proposed in this study can be easily realized [40] - [45] .
The remainder of this paper is divided into the following sections: Section 2 provides a brief introduction to theories related to the exact mode solver for the cylindrical coordinate. For the threelayer cylindrical optical fiber, the exact electromagnetic fields and the dispersion relations of the , and Segment (c) were derived. After resolving the dispersion relations, the exact modes in the Segment (a), Segment (b), and Segment (c) can be obtained. The 2D power distribution of the core mode ðHE 11 Þ in the Segment (a) was plotted, enabling readers to understand the power distribution of the light source. After this novel LSPR fiber sensor was designed, the core mode HE 11 was inputted into the left end of the sensor [the left end of Segment (a)] to demonstrate the physical phenomenon of power transmission in this novel sensor. Additionally, the 2D power distribution of the LSPR wave in the Segment (b) was plotted. It clearly explains that the current metallic patterns in the fiber sensor can trigger the LSPR by the electric field E r of the core mode HE 11 . Obviously, the main reason why this novel fiber sensor can obtain high performance is LSPR. Section 3 introduces the theories related to the EEM. A detailed description is provided to explain how the EEM enables guided modes to conduct transmission in LSPR fiber sensor. However, this numerical method also has problems regarding accuracy. The Fourier series expansion is the main principle that enabled light wave transmissions to be performed using this numerical method. That is, if the number of modes was insufficient during the transfer process, even in non-absorbent media, the total power would decline as the number of implementing Fourier series expansion increased. We used the reverse thinking method to employ different numbers of guided modes to perform transmissions, consider the power lost, and determine the number of guided modes for this study. Here, we must emphasize that for non-absorbent media, the power lost in transmission distances is typically used to determine the sufficient mode quantity. However, that light wave power attenuates with distance in absorbent materials is a natural phenomenon. To determine the power loss caused by the Fourier series expansion, we should consider the original definition of loss. That is, observe the power loss conditions for every position of the Fourier series expansion execution. Because of the presence of gold and the absorbent material used in the structure for this study, when designing and analyzing the LSPR fiber sensor, we checked the power losses of all Fourier series expansion positions according to the basic definition of loss to verify the legitimacy of the eigenmode expansion method.
In Section 4, we summarize the content of Sections 2 and 3 to propose a rigorous, simple, and complete design process for analyzing and designing LSPR fiber sensor. Additionally, we employ numerous graphics to present the simulation results.
In the final section, we summarize the numerical simulation method used in this study, and use the data obtained in Section 4 to verify that the proposed novel LSPR fiber sensor possesses excellent attributes of short length (185.173 m), high resolution (approximately À70 dB), and high sensitivity (approximately 34257 nm/RIU).
Exact Mode Solver
For the Segment (a), the exact electromagnetic fields in three layers can be written as follows [14] :
inside the fiber core layer ð0 r a 1 Þ,
inside the fiber cladding layer ða 1 r a 2 Þ, and
inside the analyte layer ða 2 r Þ. In Eqs. (1) 
For the Segment (b), the exact electromagnetic fields in three layers and the complex dispersion relation can be written as Eqs. (1)- (19) G n 2 Þ. We initially obtained 35 guided modes comprising one core mode HE 11 , as shown in Fig. 3 , and 34 cladding modes (including LSPR wave).
According to the structural diagram of metal (Au) in LSPR fiber sensor (as shown in Fig. 4 ), in this manuscript the 2D power distribution of the first LSPR wave solved by the exact mode solver for the thickness of 20 nm (Au) on the r axis was shown in Fig. 5 . Obviously, an analogous dipole is excited in this novel LSPR fiber sensor and it clearly explains that the current metallic patterns in the fiber sensor can trigger the LSPR by the electric field Er of the core mode HE 11 . For the length ðÃ ¼ 0:107461 mÞ on the z axis, the LSPRs triggered by the electric field E z of the core mode HE 11 is rather weaker than on the r axis. In other words, in this novel LSPR fiber sensor the physical phenomenon of LSPR excited for the waveguides, segment (b) and segment (c), is on the r axis and it dominates the LSPR of the waveguides [46] , [47] . Obviously, LSPR triggered is the main reason why this novel fiber sensor can obtain high performance.
Eigenmode Expansion Method
The primary objective of the EEM was to prompt the guided mode to transmit power in the fiber structure. This study proposed a novel LSPR fiber sensor based on nano-metal rings. Side and cross-sectional diagrams of the sensor structure are presented as Figs. 1 and 2. Each segment object is considered a uniform waveguide that possesses a fixed refractive index value. The contact surface between segment object k À 1 ðSe k À1 Þ and segment object k ðSe k Þ is called junction k À 1 ðJ k À1 Þ. The modes that may exist in each segment object were recalculated. Next, power conversions between segment objects were performed using the Fourier series expansion method. This method can also be employed to complete power transfers for the entire LSPR fiber sensor [1] .
This indicates that the guided modes existing in the same segment of a periodic component are identical. Therefore, when using the exact mode solver to solve guided modes, only one segment must be calculated. This considerably reduces the computation time and memory required for the entire component simulation. In summation, combining the exact mode solver with the EEM is particularly suitable for designing periodic components which obtain cylindrical structure.
In each uniform waveguide (segment), the solution of the Maxwell equations is equivalent to Eq. (20) , where the mode content È n and propagation constant n are eigenfunctions and eigenvalues using the exact mode solver
By combining Eq. (20) 
After the propagated electromagnetic fields for a uniform segment object Se k À1 are obtained, power must be precisely transferred from segment object Se k À1 to segment object Se k . Here, this study used the scattering matrix to transform the forward and backward power propagation of two adjacent segment objects, as shown in Eq. (25) . In Fig. 7 , Se represent the total forward and backward propagation modes of the uniform segment objects Se k À1 and Se k , and J k À1 represents the scattering matrix of the adjacent segment object junctions [1] , [17] Se To convert power between adjacent segment objects, we employed the Fourier series expansion to obtain the unknown junction scattering matrix J k À1 . Finally, the propagation effects of LSPR fiber sensor could be accurately conducted and completed by following the steps of this method. After considering detailed descriptions of the EEM, we can clearly determine that for periodic objects, only one segment object is required. Then, by calculating each junction scattering matrix J k À1 , we can complete the simulation of the period object's power transfer phenomenon.
According to the detailed description of the EEM, we determined that in Eqs. (21)- (24), m represents the number of guided modes and can critically affect the accuracy of the method. From a mathematical perspective, the Fourier series expansion must include all the guided modes that existed in the structure. However, this is impossible for numerical simulations because the time and memory required to perform such calculations are excessive and cannot be tolerated. However, if the number of modes is insufficient, some power loss will occur during each pass through the scattering matrix for the adjacent segment object junction. Therefore, for this study, we employed the reverse thinking method, and searched for the minimum m value that satisfied the requirement that the power loss value could not exceed 10 À4 ð10 Á log 10 ð10 À4 Þ ¼ À40 dBÞ.
Design and Simulation
Summarizing the numerical simulation methods described in Sections 2 and 3, in this section we proposed a rigorous and simplistic design process to complete the analysis and design of LSPR fiber sensor. This mechanism essentially comprises the following five procedures: (a) solve for the guided modes using the exact mode solver; (b) use the EEM to perform an algorithm for power transmission; (c) test whether the power loss obtained using the EEM satisfies the less than 10 À4 ð10 Á log 10 ð10 À4 Þ ¼ À40 dBÞ specification; (d) calculate the resolution of the LSPR fiber sensor; and (e) calculate the sensitivity of the sensor. All numerical calculations in this study were conducted using 35 modes.
After the LSPR fiber sensor was designed based on the above parameters, the core mode (as shown in Fig. 3 ) was inputted in the left end of Fig. 1 . The power transmission (Poynting vector P Z ) algorithm was then conducted using EEM, and the results are shown in Fig. 8(a) . To further observe the newly structured LSPR, the View A region in Fig. 8(a) was magnified, as shown in Fig. 8(b) , which clearly indicates the excitation of the LSPR. Certainly, the loss of all mode expansion positions must satisfy the requirement of less than 10 À4 ð10 Á log 10 ð10 À4 Þ ¼ À40 dBÞ for employing the 35 guided modes. The calculation results of the mode expansion positions and power loss really satisfy the requirement of the aforementioned specification. Resolution and sensitivity are two important indicators for evaluating the quality of any sensor. In this study, these indicators are presented in detail using the calculation results of the LSPR fiber sensor spectrum. As far as the actual spectrum measurement of the LSPR sensor is concerned, the instrument, OSA, is used most frequently. How can we recognize which one is the resonance dip of the LSPR sensor against the noise? Obviously, the meaning of the resolution used in LSPR sensor is the ability of recognizing the resonance dip of the LSPR sensor against the noise for OSA. In addition, it is well-known that in the spectrum diagram the shift ability of resonance wavelength denotes the sensitivity of LSPR sensor when the refractive index of an analyte changes. To analyze the spectral characteristic of the LSPR fiber sensor, the bar transmission power is used as the following mathematical equation [1] , [17] :
Simply put, the bar transmission power is the self-power ratio of the incident core mode after traveling a certain distance (z) and when incidence occurs ðz ¼ 0Þ. Calculations for the core mode spectral patterns of various analytes using Eq. (26) are shown in Fig. 9 . Specifically, the analyte refractive index changed from n a ¼ 1:326 to n a ¼ 1:334. An observation of Fig. 9 shows that this novel LSPR possesses a high resolution of approximately À70 dB at ¼ 1550 nm. Fig. 10 indicates a diagram illustrating the relationship between resonance wavelength and the analyte refractive index in Fig. 9. From Fig. 10 , the resonance wavelength of LSPR sensor shifted 
Conclusion
A novel LSPR fiber sensor based on 1444 nano-metal rings was developed in this study. A semianalytical simulation method integrating the exact mode solver for the cylindrical coordinate and EEM was employed to easily complete the design and analyses of the novel LSPR fiber sensor. According to the structural diagram of metal (Au) in LSPR fiber sensor, in this manuscript the 2D power distribution of the first LSPR wave was solved by the exact mode solver for the thickness of 20 nm (Au) on the r axis. Obviously, an analogous dipole is excited in this novel LSPR fiber sensor and it clearly explains that the current metallic patterns in the fiber sensor can trigger the LSPR by the electric field E r of the core mode HE 11 . In this novel LSPR fiber sensor the physical phenomenon of LSPR excited for the waveguides, segment(b) and segment(c), is on the r axis and it dominates the LSPR of the waveguides. Obviously, LSPR triggered is the main reason why this novel fiber sensor can obtain high performance. The simulation results facilitated in-depth observations of the LSPR; subsequently, a LSPR fiber sensor of short length (185.173 m), high resolution (approximately À70 dB), and high sensitivity (approximately 34257 nm/RIU) was constructed.
